Abstract: The sarcoplasmic reticulum Ca 21 ATPase (SERCA) is a membrane-bound pump that utilizes ATP to drive calcium ions from the myocyte cytosol against the higher calcium concentration in the sarcoplasmic reticulum. Conformational transitions associated with Ca 21 -binding are important to its catalytic function. We have identified collective motions that partition SERCA crystallographic structures into multiple catalytically-distinct states using principal component analysis. Using Brownian dynamics simulations, we demonstrate the important contribution of surface-exposed, polar residues in the diffusional encounter of Ca 21 . Molecular dynamics simulations indicate the role of Glu309 gating in binding Ca 21 , as well as subsequent changes in the dynamics of SERCA's cytosolic domains. Together these data provide structural and dynamical insights into a multistep process involving Ca 21 binding and catalytic transitions.
Introduction
The regulation of Ca 2þ transport by ion channels, pumps, and exchangers is of crucial importance to excitation-contraction coupling in muscle cells. The sarcoplasmic reticulum Ca 2þ ATPase (SERCA) is a transmembrane (TM) Ca 2þ pump that transports two Ca 2þ into the sarcoplasmic reticulum from the cytosol through ATP-dependent conformational transitions. This transport process is characterized by four sequential catalytic states (E1, E1P, E2P, and E2) with each having a distinct conformation. 1 E1 comprise the cytosol-facing, Ca 2þ -free, and bound states (which we label as E1, E1(Ca), respectively); binding of ATP and subsequent phosphorylation gives rise to the E1P state. E2P is obtained after the E1P state undergoes a transition that exposes bound Ca 2þ to the SR lumen, after which liberation of the phosphate ion and Ca 2þ to the lumen yields the E2 state. The pump finally exposes the empty Ca 2þ ligand binding domain to the cytosol, whereby binding of cytosolic Ca 2þ completes the cycle and returns SERCA to the E1 state. Understanding the E1!E1P transition thus provides insight into the calcium-dependent aspects of SERCA function during muscle relaxation. Electron paramagnetic resonance, Forster resonance energy transfer, and X-ray crystallography of the four catalytic states [1] [2] [3] [4] [5] of SERCA have identified several components involved in its catalytic activity. These include transmembrane (TM) bundle helices M1 to M10, which bind Ca 2þ , while the cytosolic domains N, P, A are responsible for ATP binding and hydrolysis. 6 ( Fig. 1 ). Upon Ca 2þ and ATP binding, shifts in M4 and M2, bending of M1, and closing of the A and N cytosolic domains are suggested to promote interchange between E1(Ca) and E1P states 1 ; these studies have furthermore identified two Ca 2þ binding pockets (site I and site II) and residues implicated in Ca 2þ coordination.
Experiment and simulation have unveiled several key points regarding the cooperative binding of Ca 2þ . The first calcium is known to bind to site I, which is buried deep with the TM region, and is followed by a second calcium binding to site II, which is closest to the cytoplasm. 7 Binding of calcium to site I increases the calcium affinity of site II, whereupon binding of a second Ca 2þ is necessary for ATP hydrolysis and continuation of the reaction cycle. 1 Simulations of Ca 2þ binding to SERCA 8 also indicate that Ca 2þ binds first at site I, then site II. Bridging site II and the cytoplasm are solvent-exposed acidic residues thought to be involved in Ca 2þ gating (M4: E309), 9 or recognition (M1: E51, E55, E58, D59 10 and M2:
) Fig. 1 ). Residues comprising the cytosolic loops between M6 and M7 (L67) as well as M8 and M9 (L89) have also been implicated in Ca 2þ binding and ATP turnover and include D813, D815, and D818. 12 However, it remains unclear to what extent these acidic residues are directly involved in Ca 2þ gating and binding, and moreover, how this binding signal is communicated to the cytosolic domains responsible for ATP hydrolysis. Molecular dynamics simulations of SERCA have provided substantial insight into the relationship between protein structure and mechanisms of substrate binding, selectivity, and conformational motions. Simulations by Musgaard et al., 18 Huang et al., 8 diffusion into the binding site, and allosteric signaling of the A and N domains (Fig. 2) . Here, we combine Brownian dynamics to probe Ca 2þ binding to the outer SERCA surface, umbrella sampling to explore pathways leading from the SERCA surface to site II, and molecular dynamics (MD) to examine allosteric activity associated with Ca 2þ binding. We focus in particular on the contributions of acidic surface residues along L3, in particular the role of the gating residue E309, which together we hypothesize serve as recognition residues for guiding Ca 2þ association. These results are reported in Table 1 . We chose reaction coordinates based on association with D813 of L1 and E309 of L3, as these residues border the postulated Ca 2þ entryways or ''vestibules.'' E309 is of special interest, as it both borders site II and the vestibule just outside site II along the L3 pathway. We did not observe any association events near L1, which we believe was due to the small spacing between the lipid and cytosolic domain comprising L1, as well as the presence of a positively charged residue nearby (K329). For the L3 site, however, we found significant accumulation near the L3 site that yielded a predicted Ca 2þ association rate, k on , of 3. and the negatively charged residues of the L3 vestibule, we computed k on with ionic strengths ranging from 0.05-2.00 M. First, we found that k on decreases with increasing ionic strength (7.9 Â 10 9 down to 1.41 Â 10 9 ) as is expected for electrostatically-driven, diffusion-limited reactions. Second, we found that k on at physiological ionic strength was nearly two-orders of magnitude greater (0.06 Â 10 9 M À1 s À1 ) than at high ionic strength (200 M), where electrostatic interactions are substantially shielded, using adaptive Poisson Boltzmann Solver (APBS). Fig. S2 ). In the apo form, E309 peaks at approximately 180 degrees, corresponding to a conformation pointing toward the bulk solvent. In this conformation, E309 is in nearly continuous contact with the protonated E58 (Supporting Information, Fig. S3 ) and provides favorable electrostatic interactions with solvated cations. In the holo form, E309 shifts to À70 degrees (toward the binding site), where it forms a known coordination interaction with Ca 2þ in site II. In contrast, we found that other charged residues, namely E51, E55, and D59, tend to freely rotate in both the apo and holo states without any clear conformational preference and are thus unlikely to play an active role in Ca 2þ assimilation. To investigate the ease of diffusion into site II along the approximately 12 Å -long L3 pathway, we estimate the (PMF) along a reaction path leading from the bulk to the site II region. The trajectory, w(x), consists of a linear path determined from POVME beginning at D800 (w(x) ¼ 2 Å ) and ending in the bulk (w(x) ¼ 26 Å ). The PMF was determined from umbrella sampling using 0.5 Å window sizes; values are reported relative to the minimum potential value at a favorable D800/Ca 2þ coordination distance (w(x) % 4 Å ). Far from the binding site the PMF was nearly constant at 2.0 to 2.5 kcal/mol, but decreased by almost 1.5 kcal/mol as w(x) approached a 7 Å separation from D800. At w % 6 Å we note a small barrier (% 0.5 kcal/ mol) that we attribute to the formation of a bidentate interaction between Ca 2þ and the E309 carbonyl side chain. In this configuration, we note the loss of one water molecule in the Ca 2þ hydration shell, as illustrated in the Supporting Information movie. As w(x) decreased from 6 Å , E309 rapidly flipped between the binding site and solvent-exposed conformations. The binding site-facing orientation of E309 toward D800 promoted binding of Ca 2þ via mono-dentate and bidentate interactions, respectively and thus forming the bound state, Fig. 4 , which is shown in the Supporting Information movie.
Results

Diffusion
Based on our findings that E309 appears to switch conformations as Ca 2þ approaches site II, we sought to characterize its gating rate as a function of Ca 2þ position. To this end, we identified two E309
conformational states based on our observations and the convention in 19 (1) a closed state oriented toward the binding site with a C a /C b angle of À70 degrees, which is typical of the holo enzyme. (2) an open state, typical of the apo configuration, with a C a /C b angle of 180 degrees, that points the carboxylic acid toward the L3 vestibule. In Figure 5 , Fig. S4 ). The crystal structures were partitioned into four tightly clustered, well-separated states; each cluster exclusively contained structures belonging to a specific catalytic state (E1, E1P, E2, E2P). The first principal component primarily describes the transition between the E2 and E1(Ca) catalytic states (Fig. 6 ). The primary conformational motions involve an approximately 110 degree rotation of the cytosolic A domain in E2 structure parallel to the plane of the membrane and concurrent tilting of the cytosolic N domain away from the central TM bundle. PC1 also includes the straightening of helix M1. Helix M1 is bent along the plane of the bilayer in E2 but straightens to be nearly perpendicular to the plane of the bilayer in the E1(Ca) structure. Bundle motions were comparatively smaller, with the most obvious movement restricted to M5 progression toward M6. The second principal component (PC2) describes the transition between the E1(Ca) state and the E1P catalytic state, whereby the cytosolic domains A and N undergo a closing motion. This component corresponds to the A domain rotating perpendicular to the plane of the membrane with movement of the N domain toward the TM bundle. Together, these principal components correspond to large scale collective motions that readily partition crystallographic SERCA data into catalytically-relevant states and comprise a relevant basis for characterizing our MD simulations. We performed four cMD simulations (run1: 2 Â 75 ns and run2: 2 Â 45 ns) and two aMD simulations (amd: 2 Â 225 ns) of the apo and holo states to investigate dynamic consequences of Ca 2þ binding.
As the closing motion identified by PC2 is a known requirement for E1P formation upon Ca 2þ binding, we projected our molecular dynamics simulation data along this component (and PC1) to determine the extent to which we sample the E1!E1P transition (Fig. 7) . We found that for two of the three apo cases, the trajectories progressed along the negative PC2 direction away from the E1P state, and to some extent along the negative PC1 direction toward the E2 state. In contrast, the holo cases consistently approached the E1P state along PC2 and away from the E1(Ca) crystal structures.
To gain insight into the domain motions underying the E1!E1P transition, we examined the root mean squared deviations (RMSD) corresponding to the A, N, and P cytosolic domains, as well as the TM bundle from the conventional and accelerated MD simulations (Fig. 8) . We consistently found that the N domain is the most mobile region of the protein with RMSDs in excess of 20 Å for some cases, while A is similarly mobile with ranges from 5-10 Å . The P domain, however, was found to be more mobile in the apo cases (run2 and amd have RMSDs around 5 Å ), while all holo cases report substantially lower RMSDs (<3 Å with minor excursions). We also discovered that for the apo case in which the P domain moved comparatively little (run 1), considerable progress was made along PC2 toward E1P, in contrast to the other apo cases (run2 and aMD) (Supporting Information, Table 3 ).
Residue dynamics. To investigate whether these large scale conformational motions are accompanied by localized changes in the dynamics of individual domains, we examined the root mean squared fluctuations (RMSF) in the apo and holo states (Fig. 9) . Independent of Ca 2þ , we report large RMSF values indicating that the cytosolic domains A (red), N (green), and P (blue), as well as the cytosol-exposed TM bundle loops (L12, L34, L67 and L89) were relatively mobile compared to the rigid TM bundle (purple). Among the TM loops, the L67, and L89 (black) bordering the hypothesized L1 binding pathway, were comparatively more rigid than the L12/L34 loops along the L3 binding pathway. These findings are in agreement with Costa et al. 14 , although in contrast, Huang et al. 8 found that L67 was quite mobile; the discrepancy is very likely due to the difference in simulation lengths and sensitivity to initial conditions. Upon binding Ca 2þ , we observe consistent increases in RMSF for A domain (red, þ15-35% change in RMSF over amino acids in domain) and bundle loop L34 (þ10-50%) across all holo simulations (Supporting Information, Fig. S5 ). While large changes were also noted for the N domain (green, >10%) and . While our predictions of 3.13 Â 10 9 M À1 s À1 are within the diffusion-limited regime, they are between one and three orders of magnitude faster than experimental estimates. Nevertheless, the very fast association rate suggests the importance of strong electrostatic interactions between SERCA and Ca 2þ , which is a common mechanism for achieving large diffusion-limited rates in a variety of enzyme reactions. 21 The contribution of favorable electrostatic interactions is evidenced by the accumulation of BD Ca 2þ trajectories near the negatively-charged region at L3 (particularly at E51, E55, E58, D59, E109 in agreement with. 10, 13 ) Furthermore, we showed that k on at physiologically-relevant ionic strength is nearly two-orders of magnitude faster than when a purely hypothetical ionic strength is used to nullify the electrostatic interactions. We considered the possibility that the electrostatic driving force might vary due to the highly mobile charged amino acids or the occasional lipid headgroup diffusing toward the binding pathway, and these variations may partially explain the discrepancy between our predictions and experimental estimates of k on . However, we obtained very similar Brownian dynamics association rates using a multitude of SERCA structures, which suggests that the long-ranged electrostatic driving force is relatively insensitive to the SERCA conformational state or lipid configuration.
Therefore, we believe the disparity between our predicted and experimentally observed k on estimates may in fact be due to post-encounter effects occurring after the initial association of Ca 2þ with the SERCA exterior. One potential post-encounter effect, gated access to site II via E309 suggested by experimental 10 and computational studies, 16 may partially account for the difference between theoretical and Based on BD results, the accumulation of Ca 2þ near L3 and not L1 suggests the possibility that only the former supports cation association, in agreement with findings from Musgaard et al. 13 To further rule out the possibility of Ca 2þ entry via L1, we examined solvent exchange into L3 and L1 from our MD studies as a probe for Ca 2þ entry and found the water exchanges more freely at L3 than L1 (data not shown). We attribute this to two factors: (1) there is a significant deformation of the lipid bilayer near L3 found in this study and others 24, 25 that provides a larger interfacial area for solvent entry and (2) the relatively rigid L67/L89 regions evidenced by RMSF constitutes a restrictive gateway to solvent exchange. These findings, together with our POVME calculations showing no clear pathway between L1 and site I, challenge the idea of L1 serving as a Ca 2þ binding route in absence of substantial rearrangement. Nevertheless, it is possible that ions with smaller effective radii or coordination shells could diffuse into or out of L67/L89, such as the proton release from E309/E771 preceding the E1!E1P transition. 13 For Ca 2þ binding at L3, the ion must diffuse from the solvent-exposed vestibule toward the buried Ca 2þ binding site. trend is the correlation between motion of the P domain and progression toward E2, whereas motion along PC2 toward E1P seems to occur spontaneously when the P-domain is immobile. As the P domain is consistently immobile in the Ca 2þ state, and mobile for two of the three apo simulations, it is possible that Ca 2þ binding shifts the equilibrium between Pmobile and P-fixed states and thus increases the likelihood of progressing toward the E1P state relative to the apo. Interestingly, we also observed that the most probable conformation indicated by principal component (PC) space was somewhat distinct from the crystal structures suggesting that the stable A/N distance is smaller than the crystal structure, as concluded from fluorescence resonance energy transfer (FRET) experiments. 2 Hence, the structural data obtained from x-ray crystallography may benefit from inquiry into the dynamics underlying SERCA function that is afforded by MD simulation and dynamical measurements such as FRET and nuclear magnetic resonance (NMR). This MD study and that of Espinoza-Fonseca et al. 17 also consistently found that Ca 2þ binding alters the dynamics of the cytosolic domains in the absence of major bundle rearrangement. As such, it is possible that they contribute an entropic driving force toward conversion to the E1P state upon ATP hydrolysis, which would help explain its temperature-dependence. 9 An additional contribution of enhanced motion of the cytosolic domains toward E1P via immobilization of the P domain is the promotion of ATP binding by decreasing the distance between doamin A and D351 of domain P, thus enabling the latter's phosphorylation. 17 Upon ATP binding, sufficient free energy would be provided to promote substantial bundle rearrangement that ultimately stabilizes the E1P structure. This stepwise-interpretation would explain why there is an estimated millisecond timescale for the E1!E1P transition observed experimentally, 26 despite possible submicro-second A/N closing dynamics observed in MD studies. 17 As a whole, we did not observe significant rearrangements of bundle helices upon Ca 2þ binding. We anticipated that in absence of Ca 2þ , the disordered region of M4 near E309 reported in the E1 state would reform the alpha helix found in E2 upon binding as was assumed in the MD study from. 14 We instead found that M4 remained disordered, which we propose facilitates the transfer of Ca 2þ from the binding vestibule into site II via E309. It is possible that protonation of E309 and E771, as expected in the E2 state, 9 may be required to reestablish the helical region in the disordered region about E309.
Despite little change in the structure of M4, we found the magnitude of fluctuations (RMSF) for the L34 loop was increased in the holo state. Based on the enhanced cytosolic domain and loop mobility in absence of bundle rearrangement, we postulate that one effect of Ca 2þ binding is that the TM bundle is locked in place, thereby promoting a redistribution of vibrational motion to the cytosolic domains. Shifting of fluctuations upon substrate binding has been observed in other systems by NMR 27 and simulation, 28 and may constitute a common mechanism of allosteric signaling. As M4 has been postulated as a transducer of the signal between the Ca 2þ binding site and phosphorylation regions of the P-domain, 1, 29 it is possible that enhanced fluctuations of L34 may allosterically contribute to dynamics along PC1 and PC2 by modulating P domain mobility. In contrast, L67 and L89 were found to be quite rigid, which may help lock the TM bundle with the P domain and thereby promote progression toward E1P. Disrupting this lock might then be expected to reduce ATPase turnover, as was observed by 12 for L67 at the D813, D815, and D818 positions. Overall, however, changes in SERCA conformational dynamics due to Ca 2þ are anticipated to be small relative to those induced by ATP binding. 30 
Limitations
In this study, we chose an apo state based on removal of Ca 2þ from the E1(Ca) structure, in line with Refs. 17,25. Experimental data suggest that at least one additional choice of apo state may be possible. 12, 31 In Refs. 31, Trp quenching was measured during sequential binding of Ca 2þ , which suggested a conformational difference between the E1(Ca) and E1 free states. Specifically, the data suggest that binding of Ca 2þ to site I does not change the fluorescence signal, whereas site II binding leads to a drop indicative of a conformational change that might not be apparent in our model choice. However, we believe it is reasonable to anticipate that fluorescence does not give a strong indication of the amplitude of such conformational changes. 2 Furthermore, it is not clear from the experiment, which TM Trp were impacted by the conformational change, and whether these changes are evidence of differences in the L3 binding vestibule considered in our study. Given that the nearest Trp to site II is 12 angstroms from the L3 vestibule, and the other eleven Trp are toward the periphery of the bundle, it is equally possible that quenching indicates distant conformational changes not pertinent to the Ca 2þ binding domains. In our opinion, there is not sufficient evidence to rule out our choice of model. One possibility to reconcile the apparent contradiction between our model and the Lenoir experiment is that several apo states are in thermodynamic equilibrium, and the population of these states is dependent on pH and This model may constitute a general allosteric mechanism governing the P-type ATPase family, of which SERCA is a representative member. Furthermore, our model opens doors for strategies for controlling SERCA activity including mutation of uncharged surface residues to acidic residues to further increase k on and modification of bundle and cytosolic residues to modulate allosteric signaling.
Methods
Molecular dynamics
The The psfgen package in visual molecular dynamics (VMD) 36 was used to apply patches for ionizable residues and also for disulfide bonds between C636-C675 and C876-C888. The structure was inserted into a 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) lipid bilayer of dimension 140 Â 140 angstroms with 483 POPC molecules using the VMD 1.9 Membrane Builder Tool. TIP3P solvent molecules were added to the space above and below the POPC lipid bilayer around the protein. 0.15M equivalents of Kþ and Cl-were added to neutralize the system and resemble typical intracellular concentrations of the electrolyte. The CHARMM27 force field with NBFIX 37 was used for parameterization of all atoms.
The system was partially equilibrated using NAMD 2.8b3 38 with all atoms fixed except for the lipid tails that were allowed to melt at 310 K. Next, 1000 2 fs steps of additional equlibration were performed with only the protein fixed. The system was then equilibrated with no fixed atoms at constant pressure for 0.5 ns prior to production conventional (cMD) and accelerated (aMD) MD runs. Production cMD and aMD simulations were performed with an NVT ensemble using a 2 fs timestep and periodic boundary conditions; 12.0 Å cutoffs were used for non-bonded terms, and tolerance, interpolation order and grid spacing were set to 1 Â 10 -6
, 4, and 1.0 Å , respectively, for the Particle-Mesh Ewald algorithm. 39 aMD simulations utilized the dihedral-boost method 40 implemented in NAMD 2.8b3, with a threshold dihedral energy value of 35,100 kcal/mol and acceleration factor a ¼ 1,820 kcal/mol. All other preparations follow from the conventional MD simulations. For this study we refer to three sets of simulations: cMD run1 (2 Â 75 ns for apo and holo configurations), cMD run 2 (2 Â 45 ns) and aMD (2 Â 225 ns).
Principal component analysis
Principal component analysis of all homologous SERCA pump structures (approximately 40 structures with ! 70% sequence identity) was performed using Bio3D. 41 Bio3D identified an invariant core, which refers to the set of atoms with the smallest variation across available crystal structures. This invariant core was predominantly comprised of P-domain residues (620-624, 636-642, 653, 654, 657-667, 669-671, 674-678, 683, 686-692, 696-699) and a small loop region spanning M4 and the N domain (347-352). All structures were aligned to the invariant core for subsequent PCA. For convenience, we have summarized the key SERCA domains and their constituent amino acids in Supporting Information Table 2 . POVME POVME v1.1.0 42 was used to determine the solvent accessible volume around the L1 and L3 vestibules. The pocket-encompassing region was computed using an initial set of spheres at 0.5 Å intervals within 30 Å of E309 of L3 and D813. Spheres in this region that intersected with the protein were culled by using a padding radius of 1.4 Å . Using VMD, we displayed the remaining spheres with VDW radii of 1.4 Å and identified connected sets of spheres bridging the protein exterior and E309/D813.
Browndye
Browndye 43 was used for Brownian dynamics simulations of Ca 2þ binding to SERCA structures generated from MD. We selected ten structures to determine if the k on rates were dependent on conformation. We included explicit lipids in these simulations from the MD-equilibrated structures, as they prevented spurious diffusion of Ca 2þ into the TM bundle where the lipid-bilayer would typically be found. PDB2PQR 44 using the CHARMM27 37 force field for atomic charges and radii was used to generate APBS input. APBS v1.2.1 45 was used to compute the electrostatic potential using the linearized PoissonBoltzmann equation assuming an ionic strength of 150 mM. 500,000 simulation trajectories were used to determine k on association rates according to the NAM algorithm. 46 Browndye assumes a spherical reaction geometry for which k on scales as 4 p D R, where D is the diffusion constant and R is the radius of the reacting sphere. For a planar geometry with a reacting disk of radius R, k on scales as 4 D R. 22 Therefore, we anticipate a factor of p error in the predicted k on s.
Umbrella sampling
A truncated version of the SERCA site II was created by selecting all contiguous residues within 10 Å of E309, including residues 47-60 (M1), 98-112 (M2), 300-315 (M4), 758-771 (M5), and 790-807 (M6). Our choice of truncation was based on the observation that these helices changed insignificantly over the course of our simulations. Hence, a truncated system for which the helices are constrained to their average position constitutes a suitable model for potential of mean force calculations, similar to the protocol described in Ref. 47 . While bilayer lipids border the exterior of the L3 vestibule, they do not appear to enter the L3 vestibule where the PMF calculations are performed; rather, their contribution is included in the Browndye calculations. We defined our reaction coordinate in 0.5 Å intervals along L3 based on the connected set of spheres yielded by POVME; this linear trajectory led from the bound configuration (single ion) to an arbitrary region in the solvent (22 Å separation). For the bound configuration, we chose coordination with D800 in site II, since experimental studies 7 indicate that site I binding precedes site II, and D800 is the primary residue that bridges the site I and site II. For each window, the ion was constrained to the appropriate position using a force constant of 10.0 kcal/mol, and then equilibrated for 2 ns. Statistics were collected for 6.0 ns per window following equilibration. PMF determination followed from application of the WHAM protocol (26 bins, 310K), including 50 Monte Carlo trials for bootstrap analysis of statistical error.
Trajectory analysis
The Bio3D 41 package was used to analyze MD trajectories. MD trajectories were projected along the first and second PCs identified from the available crystal structures and hierarchically clustered according to the Mahalanobis distance in PC space. The top ten structures were selected for estimation of diffusion-limited Ca 2þ binding rate.
